In this paper, fatigue tests are carried out on spot welded and spot weld-bonded joints of mild steel and ultra-high strength steel plates. The fatigue strength of the spot weld-bonded joints is higher than that of the spot welded joints. On the spot weld-bonded specimens, the strain distribution around the bonded area during fatigue tests is measured by using strain gauges to investigate the interfacial debonding behavior of adhesive bonding. According to the strain distribution measurement, the debonding initiates from the edge of the adhesive bonding, and propagates to the spot weld nugget. The fatigue strength is improved because the stress concentration of the nugget edge is considerably reduced in large part of fatigue life.
Introduction
Resistance spot welding technique is commonly used in the assembly process in automotive industry and other manufacturing fields, and thus fatigue strength and reliability of spot welded joints are important issues. From a viewpoint of reliability of automotive structure, many investigations have been performed in order to evaluate and predict the fatigue strength of spot welded joints [1] [2] [3] [4] [5] [6] . Evaluation techniques based on local stress, local strain near a nugget edge and stress intensity factor by regarding a nugget edge as a crack tip were proposed. Recently, the use of ultra-high strength steels for vehicle body is expected from a viewpoint of weight saving and crash safety. However, it have been reported that the fatigue strength of spot welded joints is not high as expected even if ultrahigh strength steels are used [7] [8] [9] . In order to clarify the influence of the strength level of steel sheets on the fatigue strength, several explanations have been tried from viewpoints of micro-structure of spot welded nugget, residual stress, notch sensitivity of base steels and so on. Tohgo et al. [9, 10] reported that the difference in notch sensitivity between mild and ultra-high strength steels is one of main reason to control the fatigue strength of spot welded joints. Much attention has been paid to the spot weld-bonded joints in which spot welding is used together with the adhesive bonding to reduce the stress concentration at a nugget edge in the spot welded joints.
In this study, fatigue tests and finite element analyses were carried out on spot welded and spot weld-bonded joints of mild steel (270MPa class) and ultra-high strength steel (980MPa class) in order to investigate the influence of adhesive bonding on the fatigue strength of spot weld-bonded joints. The strain distribution around the bonded area of the spot weld-bonded joints during fatigue tests was measured by using strain gauges to examine the interfacial debonding behavior of the adhesive bonding. The fracture mechanism and fatigue strength of spot weldbonded joints were discussed based on the fracture mechanics and the results of elastic finite element analysis.
Nomenclature
Acting shear stress of nugget area d
Diameter of nugget

K i
Stress intensity factor (i= I, II and III)
F i
Correction factor of stress intensity factor (i= I, II and III)
Materials and Experimental Procedures
Materials used in this investigation were mild steel (JSC270D: 270MPa crass) and ultra-high strength steel (JSC980Y: 980MPa crass) plates with 1.4mm thickness. Table 1 shows their chemical compositions and mechanical properties. Figure 1 (a) and (b) shows configurations of spot welded and spot weld-bonded specimens, respectively. Spot welding was made under the condition so that a diameter of spot weld nugget became 6mm. Spot weldbonding was made by combining spot welding and adhesive bonding. In the spot weld-bonded specimens, spot welding was processed on two steel plates bonded by thermoset epoxy adhesive, and then the adhesive was cured. The spot welding condition was controlled for a diameter of nugget to be 6mm.
Fatigue tests were carried out on the spot welded and spot weld-bonded specimens under the sinusoidal cyclic load with frequency of 10Hz and stress ratio of 0.1 at room temperature and atmosphere. When the specimen was not broken at 10 7 load cycles, the fatigue test was terminated and this condition was defined as fatigue limit. In order to examine the progress of debonding in spot weld-bonded specimens, the change of strains on the bonded area during fatigue test was measured by strain gauges pasted as shown in Fig.2 . Table 1 Chemical compositions and mechanical properties. Figure 3 shows the S-N plots obtained by the fatigue tests of the spot welded and spot weld-bonded specimens. The average shear stress which is defined by the applied load divided by nugget area is used for both specimens. The fatigue limit of the spot welded specimens is almost the same in both steels regardless of much difference in strength level. In contrast, the fatigue limit of spot weld-bonded specimens is higher in JSC980Y than in JSC270D, although the difference in fatigue strength between both steels becomes small in the low-stress and high-cycle fatigue regime.
JSC980Y
Fatigue Strength and Fatigue Fracture Behavior
The initiation and propagation of interfacial debonding of the adhesive bonding of the spot weld-bonded specimens were evaluated by measurement of strains of the bonded area during fatigue tests ( =160MPa for JSC270D and =220MPa for JSC980Y). Figure 5 shows the relationship between the debonded length and the number of cycles normalized by fatigue life. The debonded length increases with an increase in the number of cycles for the spot weld-bonded specimens of JSC270D and JSC980Y. The debonding of the spot weld-bonded specimens of JSC270D initiates earlier and propagates faster as compared with that of JSC980Y, because the plastic deformation of base plate and the corresponding bending deformation at the edge of bonded area are easy to occur on JSC270D. Therefore, the fatigue life of the spot weld-bonded specimens of JSC980Y is longer than that of JSC270D depending on the strength level of base metal. By using other specimens, the fatigue tests were terminated at the cycles when the debonding propagated to the positions of gauge No. 1 to No. 4, and then the crack initiation behavior around a nugget was observed on the cross section of the specimens. As a result, the fatigue crack was observed only on the specimen in which the debonding propagated to the position of gauge No.4. This means the fatigue crack initiation at a nugget 3 cycles, and the fatigue crack initiation at the nugget edge occurred at about 10-20% of the fatigue lives [10] . Therefore, the load cycles for crack initiation can be estimated as about 1x10 3 cycles. On the other hand, on the spot weld-bonded specimen of JSC980Y, the fatigue life was 3.7x10 5 cycles and the number of cycles for crack initiation can be estimated to be about 3.5x10 5 cycles from Fig. 5 . These results suggests that the crack initiation life and the fatigue life of spot weld-bonded specimens are about 350 and 100 times longer than those of spot welded specimens, respectively. The fatigue behavior of JSC270D also has the same tendency as that of JSC980Y.
Finite Element Analysis
Finite element analyses were carried out for the spot welded and spot weld-bonded specimens. Figure 7 shows finite element meshes for the spot weld-bonded specimen. Based on the symmetry of specimen configuration and loading condition, one half of the specimen was analyzed. In the finite element mesh, tetrahedral 10 nodes elements and hexahedral 20 nodes elements were used. Elastic analyses were carried out by using Young's modulus of 210GPa and Poisson's ration of 0.3 for steel sheet and Young's modulus of 3GPa and Poisson's ration of 0.3 for adhesive. For the spot weld-bonded specimen, the analyses were carried out for interfacial debonding of 0, 5, 10 and 15 mm from the adhesive edge.
Stress Intensity Factors along a Nugget Edge
Figures 7 and 8 show the normal and shear stress distributions along the center line through the adhesive and nugget. On the spot weld-bonded specimen without interfacial debonding, stress concentration occurred at adhesive edge and the stress at a nugget edge was very low. The stress at a nugget edge increased with progress of debonding. The adhesive bonding acts as the shielding stress reducing the stress intensity at a nugget edge. The stress intensity factors of a nugget edge were calculated by regarding the nugget edge as a crack tip. 
where is the applied load divided by nugget area and d is a diameter of nugget. Figure 9 shows the relationship between the stress intensity factors and length of the interfacial debonding. At a nugget edge on the center line of the specimen, K III is definitely zero. When the interfacial debonding was 16.6 mm, the stress intensity factors in Fig. 9 Fig .10 Schematic illustration of fatigue behavior of spot welded and spot weld-bonded Fig.9 Stress intensity factors at a nugget edge. correspond to the results of the spot welded specimen. The stress intensity factors of mode I and II in the spot weldbonded specimen increases with progress of the interfacial debonding, and they are lower than those of spot welded specimen. This implies the fatigue crack initiation from a nugget edge is delayed because the stress of the nugget edge is reduced by the bonded area, and this stress reduction causes longer fatigue life in the spot weld-bonded specimens. Figure 10 shows schematic illustration of fatigue behavior of the spot welded and spot weld-bonded specimens of JSC270D and JSC980Y. On the spot welded specimen, the stress intensity factor is high and constant during fatigue test irrespective of the strength level of base metal. However, on the spot weld-bonded specimens, the stress intensity factor of a nugget edge is low at the beginning of fatigue process, and it increases with progress of the interfacial debonding. Therefore, the fatigue life is longer in the spot weld-bonded specimen than in the spot welded specimen. Moreover, because the progress of debonding in the spot weld-bonded specimen is delayed much more in JSC980Y than in JSC270D, the fatigue life of the spot weld-bonded specimens is longer in JSC980Y than in JSC270D, depending on the strength level of base metal.
Summary
The fatigue tests and finite element analyses are carried out on spot welded and spot weld-bonded joints of mild steel and ultra-high strength steel in order to investigate the influence of adhesive bonding on the fatigue strength of spot weld-bonded joints. The conclusions obtained in this study are summarized as follows.
[1] The fatigue strength of spot weld-bonded specimen is higher than that of spot welded specimen.
[2] The interfacial debonding propagates from the adhesive edge to a nugget edge. After that, the fatigue crack initiates at the nugget edge. The fatigue life of the spot weld-bonded specimens of JSC980Y is longer than that of JSC270D depending on the strength level of base metal, because the debonding in the spot weldbonded specimens of JSC980D initiates later and propagates slowly as compared with that of JSC270D. [3] The stress intensity factors at a nugget edge are low at the beginning of fatigue and increase with the progress of interfacial debonding. The fatigue strength of spot-weld-bonded specimens is improved because the stress concentration at the nugget edge was reduced by adhesive bonding during large part of fatigue life.
